Process-based models that link seasonally varying environmental signals to morphological features within tree rings are essential tools to predict tree growth response and commercially important wood quality traits under future climate scenarios. This study evaluated model portrayal of radial growth and wood anatomy observations within a mature maritime pine (Pinus pinaster (L.) Aït.) stand exposed to seasonal droughts. Intra-annual variations in tracheid anatomy and wood density were identified through image analysis and X-ray densitometry on stem cores covering the growth period 1999-2010. A cambial growth model was integrated with modelled plant water status and sugar availability from the soil-plant-atmosphere transfer model MuSICA to generate estimates of cell number, cell volume, cell mass and wood density on a weekly time step. The model successfully predicted inter-annual variations in cell number, ring width and maximum wood density. The model was also able to predict the occurrence of special anatomical features such as intra-annual density fluctuations (IADFs) in growth rings. Since cell wall thickness remained surprisingly constant within and between growth rings, variations in wood density were primarily the result of variations in lumen diameter, both in the model and anatomical data. In the model, changes in plant water status were identified as the main driver of the IADFs through a direct effect on cell volume. The anatomy data also revealed that a trade-off existed between hydraulic safety and hydraulic efficiency. Although a simplified description of cambial physiology is presented, this integrated modelling approach shows potential value for identifying universal patterns of tree-ring growth and anatomical features over a broad climatic gradient.
Introduction
Tree radial growth patterns are controlled by the cambium, once dubbed the 'least understood plant meristem' (Fritts 1966) . Despite on-going mechanistic ambiguity, cambial activity is known to be strongly influenced by plant carbon-water relations (Larson 1994 , Savidge 2001 ) that affect hormone levels (e.g., auxin) and turgor pressure in the developing xylem cells of the cambium (Fritts 2001 , Kramer 2001 , Vaganov et al. 2006 . Over a growing season, trees from regions with seasonal rainfall variations balance water demand and supply Special anatomical features such as false rings, or more specifically intra-annual density fluctuations (IADFs), are widely documented in dendrochronological studies and their existence demonstrates that trees can exhibit rapid acclimation during wood formation. Intra-annual density fluctuations represent abrupt changes in the density profile that are highly co-ordinated with temporal variations in water availability (Wimmer et al. 2000 , Rigling et al. 2001 , Campelo et al. 2007 ). Drought events can trigger the formation of latewood-like cells within earlywood, so-called 'false rings', while earlywood-like cells may emerge in response to rainfall after the seasonal drought in late summer or early autumn and interrupt the formation of latewood (Fritts 2001 , Bouriaud et al. 2005 , Park et al. 2006 . Rainfall events are well coupled to increased radial increment because higher whole-tree water availability generates positive turgor pressure within the cambial zone, driving irreversible cell enlargement (Lockhart 1965 , Zweifel et al. 2006 . Conversely, cambial function also reacts to water deficit within a matter of days, and cell enlargement becomes physically restricted by a reduction in turgor pressure (Schweingruber 1988) , causing the cambium to produce smaller but also fewer cells Nakai 1999, Abe et al. 2003) . Campelo et al. (2007) presented the first study linking the position of the IADF within the ring to the time of the triggering factor during the growing season. Intra-annual density fluctuation morphology and radial position within the annual ring can therefore help identify periods of atypically low or high water availability (Rigling et al. 2001 , Battipaglia et al. 2010 or other weather anomalies, for example, warm temperatures and a low water availability in spring followed by a wet October increased the probability of cambial reactivation and latewood IADFs occurring in stands of maritime pine in NW Spain (Rozas et al. 2011) .
The fact that trees can exhibit rapid acclimation during wood formation is not surprising, given the pivotal role of xylem architecture in hydraulic function. Indeed water transport through the xylem is extremely vulnerable and must be maintained under drought conditions to avoid tissue damage and mortality (Sperry et al. 2008) . Two mechanisms linked to cell wall thickness can engender discontinuity in the stem xylem water column. The first occurs when xylem pressure drops below the air-seeding threshold, enabling air bubbles to be pulled into adjacent conduits through pit membrane pores (Tyree and Sperry 1989) . The second mode of failure involves sap tensions that implode xylem cells (Hacke et al. 2001) . Xylem failure through air-seeding is affected by the morphology of bordered pits (Domec et al. 2006 , Choat et al. 2008 , Delzon et al. 2010 , which is directly related to cell wall thickness (Domec et al. 2009 ), whereas xylem failure by implosion is determined by the ratio of cell wall thickness to lumen diameter (Hacke et al. 2001 , Pittermann et al. 2006 . Hence, the relative proportion and density of latewood may have a crucial role in hydraulic acclimation.
Intra-ring density profiles and climate data interpreted together could reveal the dynamic coupling between tree growth and weather variations (Rigling et al. 2001 , De Micco et al. 2007 , Battipaglia et al. 2010 . However, there are a number of difficulties in assessing the extent of this biophysical relationship, particularly with regard to the temporal phasing of density measurements with climate data Houllier 1998, Vaganov et al. 2006) . Process-based photosynthesis and transpiration models that attempt to recreate cambial dynamics have the potential to resolve such limitations. These models can be used to predict xylem properties such as turgor pressure, hydraulic conductance, cell number and density under seasonally varying environmental conditions (Deleuze and Houllier 1998 , Vaganov et al. 2006 , Hölttä et al. 2010 ). This may help synchronize temporal climate patterns and profiles of wood density more closely, leading to improved understanding of the mechanisms behind intra-annual fluctuations.
Maritime pine-Pinus pinaster (L.) Aït.-is known to exhibit IADFs, especially in the latewood in response to autumn rain events (De Micco et al. 2007 , Vieira et al. 2010 , Rozas et al. 2011 . This study aimed to integrate results from a cambial activity model and tree-ring data on P. pinaster from a recurrently droughted site in southern France. The process-based, soilvegetation-atmosphere transfer model MuSICA (Ogée et al. 2003 , Domec et al. 2012 ) was used to generate continuous estimates of soil water content, evapotranspiration and whole-tree non-structural carbohydrates (NSCs) from observed climate data. MuSICA outputs were then used to generate temporal and spatial variations in tracheid production and wood density over the same period, using the model proposed by Deleuze and Houllier (1998) . Many complex aspects of cambial development are not included in this model. However, it provides a first attempt at linking environmental variations to the cambial environment and evaluating the impact of plant water status on wood growth and density. Therefore, this model was selected on the basis of providing the simplest solution to modelling cambial activity in accordance with the objectives of the study and was the most appropriate model based on our data set of input parameters. The ability of the combined models to predict wood density was investigated by comparing model outputs against observed wood density profiles obtained from both anatomical and X-ray densitometry measurements. Based on the hypothesis that IADFs occur in response to sudden changes in water availability, and play a critical role in the trade-off between hydraulic efficiency and hydraulic safety, we also investigated the ability of the model to predict the timing and extent of IADFs as well as changes in the hydraulic properties of the xylem, as deduced from anatomical observations.
Materials and methods

Study site
The study was conducted at Le Bray, an even-aged Maritime pine forest planted in 1970, located ∼20 km south of Bordeaux, France (44°43′N, 0°46′W, 62 m above sea level). In 2011, when this study was conducted, the mean tree height was 20 m and the tree density was ∼300 stems per hectare. The climate is characterized by occasional strong winds and seasonal deficits in water availability: rainfall exceeds evapotranspiration during winter months, while drought afflicts summer and autumn growth. The mean cumulative precipitation of June and July is 99 mm and the mean air temperature is 19.6 °C, while the mean cumulative precipitation of September and October is 144 mm and the mean air temperature is 16.1 °C. Water table depth ranges between the soil surface and about −2 m. The topography is flat and prevents any surface run-off (Ogée et al. 2003) .
Image analysis of tracheid features
For cell measurements, a single wood core (12 mm in diameter) was collected at breast height (1.3 m) from five dominant trees, wrapped in aluminium foil and stored at 5 °C within 2 h of sampling. To avoid compression wood, trees were cored from bark to pith along the azimuth of the prevailing wind direction. Cores were manually dated and cut into sections covering the years 1999-2010 when meteorological data were available. Transverse sections of 30 µm in thickness were cut with a sliding microtome, stained with 1% aqueous safranin-O and observed hydrated under a light microscope (Leica DM300, Heerbrugg, Switzerland). Digital images for each section were taken at ×4, ×100 and ×400 magnifications using a digital camera (Leica EC3) mounted on the microscope. Section images for each core at a ×100 magnification were then merged to obtain a single image of each ring. Intra-annual density fluctuations were defined as those formed in the middle of the latewood (IADF type L) and those formed at the end of the latewood (IADF type L+), according to the classification described by Campelo et al. (2007) .
Tracheid radial dimensions were determined using the publicdomain image analysis software (Image-J 136b; NIH, Bethesda, Maryland, USA). Lumen diameter, cell wall thickness and total cell number were measured along three radial files in each annual ring (Figure 1) . A mean radial file for each ring was then calculated by normalizing the radial file by the minimum number of cells per ring and computing the relative cell number. Tracheid wood density (ρ tracheid , the density of the wood with tracheids only and no live tissue) was then estimated from the anatomical data assuming that the mass of the lumen is negligible compared with the mass of the cell walls:
where ρ cw (kg dm −3 ) denotes cell wall density, and A cw and A L (m 2 ) denote the surface area of the cell wall and lumen of the tracheids, respectively. For square-shape tracheids, these surface areas can be easily deduced from observations of lumen radial diameter L (m) and cell wall thickness w (m). However, tracheid geometry varied along the radial profile with both rectangular and hexagonal shapes being predominant (Figure 1 ). Since no significant difference was found between those two geometrical shapes (P = 0.978), tracheid wood density was in
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A constant fraction (f live = 0.1) of the ring representing resin duct canals and ray parenchyma cells, with a zero density ( Panshin and De Zeeuw 1980) , was further used to compute whole-wood density:
where the brackets denote the mean over the entire ring. Although a value of up to 1.4 kg dm −3 is generally assumed for the cell wall density of dried wood, dry mass over green volume must be lower, owing to the absorption of water by the cell wall (Stamm 1964) . We found that a green-state corrected value for ρ cw of 1.0 kg dm −3 derived reasonable density values and was in agreement with previously published values (see review by Decoux et al. 2004) .
Tracheid thickness-to-span ratio, an index for hydraulic safety to cell wall collapse (Hacke et al. 2001) , was calculated as the ratio of the measured distance across the double cell wall between two adjoining tracheids and the tracheid diameter (2w/L). More specifically, the ratio was calculated for each tree ring as the mean value of 2w/L only for tracheids whose lumen diameter L is equal (within 2 µm) to the mean hydraulic diameter of the same ring (Hacke et al. 2001) .
Theoretical specific conductivity (k s , kg m −1 s −1 MPa −1 ) was calculated for each ring using the modified Hagen-Poiseuille equation described by Tyree and Ewers (1991) :
where N (m −2 ) is the tracheid density of the ring (computed from the average tracheid size), 〈 〉 L 4 denotes the mean of L 4 (m 4 ) over the entire ring, ρ w is the fluid density (assumed to be 1 kg dm −3 or equal to that of water at 20 °C) and η is the fluid viscosity (assumed to be equal to that of water at 20 °C, i.e., 10 −3 Pa s). Whole-ring hydraulic conductance (K, kg m −1 s −1 MPa −1 ) was calculated as the product of k s of each ring times the area ( sapwood) of the ring.
Wood density profile measurements
Micro-density profiles were generated using the X-ray densitometry method developed by Polge (1966) . From the same trees cored for anatomical image analysis, a 5-mm diameter core spanning bark to pith was extracted at breast height. Cores were divided into 2 mm sections, soaked in pentane to remove resins and then maintained at 12% humidity prior to X-ray exposure. Digitalized X-ray images were analysed and dated (in addition to manual cross-dating) using the Windendro software (Windendro, Regent Instruments Inc., Québec, Canada) at a 21.167 µm resolution.
Model description and parameterization
The Deleuze and Houllier (1998) model of cambial formation requires inputs of stand-level resource availability indices and temperature on a weekly time step. When the water availability index R w,i and air temperature T air,i of the ith week are above some pre-defined thresholds (R w,min and T min , respectively), new cells are produced by the cambium and their number (Δ n,i ), volume (Δ v,i ) and mass (Δ m,i ) are computed as follows:
where C pool,i (kgC m −2 ground area) denotes the NSC pool size of the ith week, used here as the carbohydrate resource availability index, and other variables are model parameters described in Table 1 . Wood density is then calculated as the ratio of Δ m,i to Δ v,i while ring width increment is computed from the product of Δ n,i with Δ v,i (Deleuze and Houllier 1998) .
Note that, albeit in a crude way, this model also accounts for the influence of water availability on cambial division (cell number Δ n,i ) as Eq. (5a) is only applied when R w > R w,min and T air,i > T min .
Both R w,i and C pool,i were obtained from the MuSICA model (Ogée et al. 2003 (Ogée et al. , 2009 ) using meteorological data from the site (Figure 2 ). In MuSICA, the NSC pool size is computed as the Table 1 . Summary of parameters needed for the density model and their values used in this study: minimum water availability index, R w,min ; minimum air temperature, T min ; maximum number of cells produced each week per radial file, Δ n,max ; sensitivity of cell division to temperature, β; maximum volume of cells produced each week, Δ v,max ; maximum increment mass produced each week, Δ m,max ; cell thickening rate, δ; sensitivity of soil water availability index to soil water content, χ; critical soil water availability, R w,crit ; NSC pool turnover rate, k pool .
Symbol (unit)
Value
balance between leaf photosynthesis, maintenance respiration and whole-tree biomass synthesis, and the latter is taken proportional to the pool size C pool,i (source-driven hypothesis), with a constant rate coefficient k pool (year −1 ) (Ogée et al. 2009 ). At our sampling site, the MuSICA model is able to predict stand carbon and water fluxes at a half hourly time step in good agreement with the measured values obtained using the eddy-covariance technique (Ogée et al. 2003 , Wingate et al. 2010 ). Deleuze and Houllier (1998) assumed that water availability was directly proportional to soil water content in the root zone. However, because of the high water table present at our site, bulk soil moisture levels were frequently above field capacity and so we preferred to characterize R w,i using a sigmoid function of the weekly soil water content in the root zone (W soil,i ), the latter being output by the MuSICA model:
This function is linearly related to W soil,i up to about field capacity where it then saturates to unity. All parameter values were obtained iteratively by trial and error and are listed in Table 1 . A simple model sensitivity analysis was also performed, varying one parameter at a time around its nominal value, in Biophysical modelling of intra-ring variations 309 
Breakpoint analysis
To test the ability of the model to predict the occurrence and radial location of breakpoints in observed density profiles (i.e., the start-and end-points of density transitions and IADFs), and to compare these breakpoints with the changes in input variables, an analysis was carried out in the open-source statistical software R (R Core Team 2011) using the bcp package (Erdman and Emerson 2007) . This package estimates the probability of an unknown partition (break point) between contiguous invariant blocks at any given location along a sequence. The algorithm builds upon the Barry and Hartigan (1993) product partition model for the standard change point problem using Markov Chain Monte Carlo with a default of 550 iterations (Erdman and Emerson 2007) . Breakpoints were identified as the locations where the probability of a change was above a threshold of 55%. For IADF identification, breakpoints of higher than 0.55 posterior probability of a decrease in density defined the threshold for the IADF start boundary. Following the classification proposed by Campelo et al. (2007) , the IADF was classified as type L if earlywood-like cells occurred within latewood, meaning that a decreasing density breakpoint was followed by a breakpoint for increasing density. If a decreasing density breakpoint was not followed by another breakpoint for increasing density, the IADF was classified as type L+ representing earlywood-like cells at the end of latewood, with a single breakpoint.
The location of the maximum probability for a breakpoint within each growth ring was ascertained, in order to compare patterns in observed and modelled profiles for probability of a change in density.
Results
Model evaluation
Model output of cell number per year was compared with the anatomical data (Figure 3) . In general, observed cell numbers were at a maximum in 2001, 2007 and 2008 and at a minimum in 2002, 2005, 2006 and 2010. The model predicted a very similar inter-annual cell number pattern in most years, demonstrating the strong influence of air temperature on this parameter (Eq. (5a) and Figure 2a) .
X-ray densitometry data suggested slightly larger rings (+20%) compared with anatomical observations, possibly because of the difference in azimuths between the two cores used for X-ray and anatomy observations. However, once corrected, both X-ray and anatomy data gave very similar interannual variations in ring width, in good agreement also with model predictions (Figure 3c ). The strong similarity between cell number and ring width variations also suggests that cell number is the main driver of ring width, both in the model and the data.
Modelled inter-annual variability in maximum wood density (75-95 percentiles) was also in good agreement with observations from either X-ray densitometry or anatomy data, although much larger than in the observations (Figure 3b ). X-ray data predicted maximum density (MaxD) values ∼35% lower than from the anatomy data, which can be partly attributed to the difference in spatial resolution of the two methods. However, once corrected the two data streams agreed very well, except in years 2009 and 2010, with X-ray densitometry indicating lower values that correspond with the model prediction.
Results shown in Figure 3 are based on whole-ring features only. Evaluating the model on intra-ring wood density profiles requires the phasing of model output with anatomical or X-ray data. Because the model also predicts ring width increment, we 310 Wilkinson et al. first used the within-ring distance as a phasing variable ( Figure 4) . As for MaxD in Figure 3b , intra-ring density values estimated by X-ray densitometry were lower (by ∼35%) compared with values estimated through image analysis. However, the phasing of the radial profiles was similar between the two data streams. In comparison, density profiles predicted by the model usually exhibited greater amplitude than those obtained via image analysis or X-ray densitometry (e.g., in 2007), and the MaxD peak tended to appear a bit too early (e.g., in 2002 or 2003) .
Because the model and the anatomical data showed a very good agreement on the number of cells per growth rings ( Figure 3b) we also tried using the cell number within a growth ring as a temporal reference to date the spatial information obtained from the image analysis. For trees and growth rings where the observed number of cells was particularly well predicted by the model (e.g., tree 6138 on year 2001) wood density from the image analysis could then be directly related to air temperature, water or NSC availability on a weekly time step ( Figure 5 ). Bayesian breakpoint analysis was additionally applied to model input variables and modelled and observed density profiles using a cut-off probability of 75%. A single definable breakpoint emerged at position 40 in the anatomy data, whereas two peaks were detected in the modelled density profile (Figure 5a ) that coincided with rapid changes and one breakpoint in soil water availability (Figure 5b ). The link with changes in air temperature or NSC availability was less pronounced (Figure 5c and d) .
Phasing the anatomy data using cell number rather than distance within the ring allowed a direct comparison with weekly model output and confirmed that the agreement between measured and modelled density values was satisfying, as shown here for trees 6138 and 6119 and year 2001 (Figure 6a ). There was a strong negative relationship between modelled wood density and available soil water (R 2 = 0.93) (Figure 6b ). Although this relationship was linear over a wide range of density values, above field capacity (R w = 1), variability in modelled density was apparent. The observed density also exhibited some negative relationship with available soil moisture but the linear correlation was weak (data not shown).
Inter-annual variability in xylem anatomy and hydraulic efficiency
Image analysis revealed that variations in lumen diameter were higher than variations in cell wall thickness throughout the growing season (Figure 7a ). This resulted in strongly significant (P < 0.001) linear regressions between density values calculated using Eq. (3) and lumen diameter (Figure 7b ). Extrapolating the linear regression obtained on latewood cells to a lumen diameter of zero leads to a density value of 0.95 kg dm −3 , i.e., lower than the cell wall density value of ρ cw = 1.0 kg dm −3 used in Eq. (2). The difference is caused by the fraction of the ring f live = 0.1 with a zero density.
The anatomy data also revealed that a trade-off existed between hydraulic safety (represented by the cell wall thicknessto-span ratio 2w/L of the most conducting tracheids) and hydraulic efficiency (represented by the mean specific hydraulic conductivity k s of all tracheids within a ring) (Figure 8 ). However, in 2002 (a very dry year; Figure 1 ), the anatomical data showed an unusually low k s value that should have corresponded to very high thickness-to-span ratios, not observed in the anatomical images. This probably shows a plastic limit in tracheid geometry during very dry years. These inter-annual variations in tracheid hydraulic efficiency (k s ) did not always translate into similar changes in whole-ring hydraulic conductance (K) because of the modulation caused by the sapwood area allocated to each ring (Figure 9 ). In fact, whole-ring sapwood area seemed a better indicator of dry years (2002, 2003, 2005, 2006, 2010; Figure 1) than k s , which exhibited high values during some of these dry years (e.g., 2009 or 2010) (Figure 9 ). This disparity between hydraulic conductivity at the scale of Biophysical modelling of intra-ring variations 311 Figure 4 . Radial series of intra-annual density profiles generated using anatomical (black lines) and X-ray densitometry (blue lines) measurements compared with modelled density profiles (red open squares) for each growth ring. Anatomical measurements are means (±SE, indicated by the shaded area) over three radial files from anatomical images of annual growth rings of five trees. X-ray data are means (±SE, indicated by the hatched area) from cores taken on the same five trees and was rescaled to match anatomical and model predictions (see text). 
Intra-annual density fluctuations
Based on the five sampled trees used for anatomy data, L-type IADFs seemed frequent at our site, occurring in all years with a relative observed frequency above 0.6, except in 2002, 2003, 2007 and 2008 (Table 2) The location within the ring of the maximum probability for a change in density also differed between anatomical, X-ray and modelled density profiles (see Figure S1 available as Supplementary Data at Tree Physiology Online). For all years, density profiles derived from anatomical images exhibited a maximum probability of a change in density earlier in the ring than for both X-ray and model data. Relative ring locations of the maximum probability of a change in model density followed more closely the relative ring locations obtained from X-ray density (see Figure S1 available as Supplementary Data at Tree Physiology Online).
Discussion
Model evaluation
Overall, X-ray densitometry indicated lower density values than those calculated from the lumen/cell wall ratios observed in light microscope images. Overestimation of density by anatomical methodology may account for some of the disparity (Decoux et al. 2004) , although another study on P. pinaster (Sánchez-Vargas et al. 2007) reported MaxD values obtained by X-ray densitometry of 0.9 kg dm −3 , i.e., much higher than the 0.6 kg dm −3 value typically found in this study. Model density variations were typically spanning the same range, however they showed greater amplitude than either image analysis or X-ray Biophysical modelling of intra-ring variations 313 densitometry, suggesting model oversensitivity to one or more driving variables and indicating the requirement of a buffering effect in the cambial response to environmental conditions or additional constraints not accounted for in the model.
The model sensitivity analysis (see Figure S3 available as Supplementary Data at Tree Physiology Online) also indicated possible over-parameterization of the model equations. For example parameters for maximum cell number (Δ n,max ) and sensitivity of cell division to temperature (β) are strongly correlated because they have the same effect on the number of cells (N) and tree-ring width (TRW), and no effect on MaxD. Thus, new parameter sets could be defined, which produce nearly the same results. For example, if the minimum temperature value (3 °C) is increased to 7 °C concurrently with β from 0.2 to 0.6, then MaxD remains unchanged (and also all the density profiles in general), and TRW and N also remain almost identical (see Figure S4 available as Supplementary Data at Tree Physiology Online).
Cell production
Cambium activity did not always respond to late season water availability. Recovery from the 2002 drought was not observed in tree rings that did not form any IADFs, despite the occurrence of autumn rains. The model also appeared to overreact to the transient change in water availability in 2007. Wingate et al. (2010) reported increased transpiration rates in response to a sudden recharge of soil water in late August of 2007. However, the cambium did not appear to react by increasing tracheid radial diameter in response to the recharged soil water, indicated by the absence of an IADF observed in the latewood of 2007. This possibly indicates that cambial responses are buffered from rapid changes in environmental signals, at least in the latewood, and that a sustained increase in turgor is necessary to invoke detectable changes in wood density.
Intra-annual density fluctuations
Most of the IADFs were found in the latewood, corroborating other works identifying latewood IADFs as the most common type in P. pinaster (Vieira et al. 2010 , Rozas et al. 2011 . Upon examining these intra-ring features, the model appeared to function as an effective link between variations in environmental conditions and wood density variation in some years more than others. Based on the threshold of a relative frequency >0.5, the Figure 9 . Whole-ring variations of (a) sapwood area, (b) theoretical specific conductivity and (c) theoretical hydraulic conductance, calculated from anatomical images. (1999) (2000) (2001) (2002) (2003) (2004) (2005) (2006) (2007) (2008) (2009) (2010) as observed in image analysis, X-ray densitometry or predicted from the density model. Relative observed frequency was calculated using the 10 tree cores (5 for image analysis and 5 for X-ray densitometry). Intra-annual density fluctuations were detected in density profiles containing breakpoints with a 0.55 probability of a change identified by the bcp() package. L-type IADFs correspond to decreasing density breakpoints at the end of latewood, not followed by a breakpoint for increasing density, while L+-type IADFs correspond to decreasing density breakpoints in the centre of latewood, followed by a breakpoint for increasing density. No IADFs correspond to the situation when a breakpoint for increasing density is not followed by a breakpoint for decreasing density. Table 2) . For example, in 2001, modelled density showed a better relationship with observed wood density than with water availability data alone and exhibited similar points of change as the observed density profile (Figures 4 and 5) . Comparisons of the location of the maximum probability of a change in density between anatomical, X-ray and model density indicate that anatomically identified IADFs typically do not reflect the maximum probability of a change in density within a ring, which instead is more likely to be attributable to the earlywood/latewood transition. However, the X-ray and model position of maximum probability of a change in density occurred later in the ring and potentially corresponded to the latewood IADF location. Wood density is usually considered to be an adaptive trait under severe drought, although not necessarily correlated with resistance to embolism (Jacobsen et al. 2005 or percentage of leaf area desiccated (Hoffmann et al. 2011) . Some studies have argued that latewood cells, which constitute the main driver of ring density in conifers, are more sensitive to losing water under drought conditions, which may provide a buffering effect through an increase in hydraulic capacitance without much alteration to the overall hydraulic conductivity Gartner 2002b, Domec et al. 2009 ). In support of this hypothesis, Douglas fir trees surviving in France after the 2003 European drought exhibited a higher latewood density and an increased proportion of latewood compared with neighbouring trees that died shortly after the drought event (Martinez-Meier et al. 2008) . However, other studies unexpectedly report that thick latewood and high wood density are associated with higher drought-induced mortality rates (Hoffmann et al. 2011 , Kukowski et al. 2013 . Rigling et al. (2002) found a lower proportion of latewood and a concomitant increase in IADF frequency in Pinus sylvestris growing on drier sites. Thus, an exact physiological process involved in the formation of latewood IADFs when favourable conditions return after summer is not clearly posited. However, the question of whether the resumption of cambial activity after drought holds adaptive significance has been raised for P. pinaster. Campelo et al. (2013) and Nabais et al. (2014) demonstrate that, though the functional mechanism remains elusive, IADF formation in P. pinaster exhibits a strong positive correlation with precipitation following summer drought.
Water availability: a key driver of intra-annual density patterns?
Changes in tracheid features could potentially impact stem water conductive and storage capacity. The observed negative tradeoff between hydraulic safety and efficiency at the cellular level (Figure 8 ) was expected. Thus, if IADFs have a conductive role, then they will increase hydraulic safety during drought periods. However, the hydraulic conductance of any growth ring (K) also depends on the total number of cells produced (i.e., the ring sapwood area) rather than their specific conductivity alone ( Figure 9 ). However, there may remain a potential effect of hydraulic capacitance enabled by earlywood-like cells within latewood, since IADFs would store water that could be used by trees during drought periods Gartner 2002b, Deslauriers et al. 2008) .
The model's ability to accurately estimate total cell numbers within the observed range was encouraging, although cell division seemed to have a higher capacity for recovery after drought than predicted by the model, leading to an underestimate in cell number for 2010 ( Figure 5 ). Anatomical data provided an opportunity to test the mechanistic assumptions of the model. For example, the different stages in xylem differentiation are assumed to be delineated (Eqs (5a-c)), while in reality they are intimately connected. This decoupling between carbon-, waterand temperature-limited processes may account for some of the model error. Cambial turgor pressure is determined both by xylem water potential and phloem sugar concentration gradients, indicating that the model assumption of a linear relationship with soil water is oversimplified (Hölttä et al. 2010 ). In addition, latewood tracheids tend to undergo secondary cell wall (S2) thickening over a prolonged period, thereby also contributing to an increased cell wall thickness (Kozlowski 1971 , Plomion et al. 2001 , Vaganov et al. 2006 . Nevertheless, it appears that the model's ability to predict cell volume was the key output explaining differences between modelled and observed density. Thus, future efforts should be focused on improving the representation of turgor dynamics in MuSICA by coupling water and carbon more intimately as shown in other models (Drew et al. 2010 , Hölttä et al. 2010 .
Prediction of cell volume was highly sensitive to cell enlargement rate, which may implicate a genetic component in cell expansion. Cell enlargement rate is proportional to soil moisture in the model, yet biological constraints affect the extent of dependence of the cambial environment on the soil environment. Xylem ontogeny is thought to be regulated by auxin concentration along morphogenic gradients (Kramer 2001 , Uggla et al. 2001 , Schrader et al. 2003 , Drew et al. 2010 ). Welsh (2006) found that increasing the concentration of auxin in media for stem organ culture drastically increased radial tracheid diameter. Meanwhile, reduced xylem lumen in trees exposed to water deficit is also associated with a reduction in free indole-3-acetic acid (IAA) that limits cell expansion (Popko et al. 2010) . Hormonal signals, along with coupled carbonwater fluxes, may thus represent key differences between the external and cambial environment, which may lead to a re-interpretation of changes in water availability. However, disentangling the impact of turgor pressure from cell wall sensitivity is problematic. Polar auxin transport is linked to seasonal changes in shoot photosynthesis, which in turn are affected by water availability. Whether cells in cambium react first to a rapid increase in xylem turgor pressure caused by a rain event, or increased IAA and sugars caused by higher photosynthetic activity, is not clear. There is a direct impact of water. However, the temporally lagged metabolic signalling of increased wholetree water status may also have an intrinsic role in shaping xylem development. This cannot be accounted for in the model as it is currently formulated.
Another factor to consider when comparing model and observed wood density is the sampled tree height. This study evaluated model performance based on mature base wood, yet the cambial age gradient declines vertically. Corresponding changes are reported in gene expression of developing xylem tissue in P. pinaster, with cambial activity in the crown exhibiting higher rates of cell division and expansion than the base, where genes linked to cell wall thickening were upregulated (Paiva et al. 2008) . Similarly, in Pinus radiata, re-modelling of the xylem transcriptome is found between age classes, as well as between early and late season growth (Li et al. 2010) . Furthermore, stem size mediates the effect of climatic conditions on cambial activity in an even-aged stand of P. pinaster in the Mediterranean climate in Portugal, reflecting the need to stratify by size class in order to increase sensitivity to the IADF signal (Campelo et al. 2013) . Hence, the response to water availability in terms of IADF formation may have been more pronounced in crown wood with younger cambial tissue or fast-growing trees of the larger size class. This effect could be accounted for by model parameters that could be size-and height-adjusted, such as xylem water potential.
Conclusion
In P. pinaster, IADFs often form in the latewood and biophysical modelling was able to predict this growth response, along with similar rates of cell production. Although water availability appeared to be the key driver of wood density variation, the main flaw in model prediction was an oversensitivity to water availability. A buffering effect between the environmental variation and cambial response seems to be necessary to reconcile model density and data. Whether this could be achieved through the coupling of carbon-water fluxes to derive cambial turgor pressure or by integrating hormonal control of xylem development now needs to be explored.
Despite these constraints, the linking of a simple cambial model to a mechanistic model of resource availability enabled reasonable predictions of intra-annual wood density features and growth ring cell number. MuSICA is currently being parameterized for several other FluxNet sites, representing forest stands in both temperature-limited (Varrio, Finland) and water-limited (Yatir, Israel) conditions. Hence, future work will be able to compare model predictions of radial growth trends across a broader environmental gradient and provide a framework for investigating tree growth responses at a more general scale.
Supplementary data
Supplementary data for this article are available at Tree Physiology Online.
